A b s t r a c t
Promyelocytic leukemia protein (PML) has been implicated as a participant in multiple cellular processes including senescence, apoptosis, proliferation and differentiation. Studies of PML function in hematopoietic differentiation have previously focused principally on its myeloid activities, and also indicated that PML is involved in erythroid colony formation. However, the exact role that PML plays in erythropoiesis is essentially unknown. In this report, we found that PML4, a specific PML isoform expressed in erythroid cells, promotes endogenous erythroid genes expression in K562 as well as in primary human erythroid cells. We show that the PML4 effect is GATA-1-dependent using GATA-1 knockout/rescued G1E/G1E-ER4 cells. PML4, but not other detected PML isoforms, directly interact with GATA-1 and can recruit it into PML nuclear bodies. Furthermore, PML4 facilitates GATA-1 trans-activation activity in an interaction-dependent manner. Finally, we present evidence that PML4 enhances GATA-1 occupancy within the globin gene cluster and stimulates cooperation between GATA-1 and its co-activator, p300. These results demonstrate that PML4 is an important regulator of GATA-1 and participates in erythroid differention by enhancing GATA-1 trans-activation activity.
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Erythropoiesis is a multi-step process that includes erythroid commitment, proliferation and erythrocyte maturation. GATA-1 is a master erythroid transcription factor, as its function appears to be essential for almost all aspects of erythropoiesis.
GATA-1 knockout mice suffer from fatal anemia at day 10.5 of gestation as a consequence of the failure of erythroid cells to survive and mature 1 . GATA-1 engages DNA and co-regulatory proteins through a dual-zinc finger domain, and regulates almost all erythroid specific genes 2 . The trans-activation activity of GATA-1 is modulated by multiple, well characterized cofactors (like FOG-1, TRAP220, CBP/p300 and HDAC5) during erythropoiesis 3 . In addition, GATA-1 undergoes multiple posttranslational modifications, including phosphorylation, sumoylation and acetylation, which also regulate GATA-1 activity. Acetylation of GATA-1 by acetyltransferases CBP/p300 significantly stimulates its transcriptional activity and regulates its chromatin occupancy in vivo 4, 5 .
Promyelocytic leukemia protein (PML), initially identified in the leukemogenic PML/RAR translocation, is an essential component of the nuclear PML body in which many transcriptional factors and post-translational enzymes co-localize 6, 7 . PML participates in diverse cellular processes, including apoptosis, the DNA-damage response, senescence and differentiation, in part by providing co-localized transcriptional factors a platform for efficient post-translational modification. PML acts as a transcriptional cofactor of p53 and enhances its activity in promoting cell apoptosis and senescense, which is in part dependent on its ability to bind and recruit CBP/p300 or histone deacetylase into PML bodies [8] [9] [10] . Seven alternatively spliced PML isoforms have been identified, each of which shares a common N-terminal RBCC motif (RING finger, B-box and coiled-coil domains), but differ in their C-terminal isoforms 11, 12 . Specifically, PML4 has been reported to promote the association of PU.1 and p300, thereby enhancing PU.1-induced transcription and granulocytic differentiation 13 . Moreover, PML4 increases granulocytic differentiation 15 . The process was shown to involve pRb, a general transcriptional factor essential for terminal differentiation of multiple cell types.
However, the precise role played by PML in erythroid differentiation and the underlying molecular mechanisms for which it is responsible remain largely unknown.
In this study, we report that PML promotes erythroid gene expression and erythroid differentiation in an isoform-specific and GATA-1-dependent manner.
PML4, but not other detected PML isoforms, interact directly with GATA-1 and enhance its transcriptional activity. Furthermore, we found that PML4 enhances the chromatin occupancy of GATA-1 at regulatory binding sites, and stimulates GATA-1/p300 cooperation and GATA-1 acetylation. Our experiments implicate an important role for PML in GATA-1-mediated transcription and erythroid differentiation. 18 .
RNA Interference and retrovirus package
Cell lines stably expressing shRNAs of PML and GFP (control) were established using vector-based shRNA expression system. The shRNA targeting PML or green fluorescence protein (GFP) was inserted into pSIREN-retroQ (Clontech) with the following sequences: shPML, 5'-GAGUCGGCCGACUUCUGGU-3' 19 , and shGFP, 5'-GCAAGCTGACCCTGAAGTT -3'. The plasmids were transfected into 293T cells along with packaging plasmids (pMD and pVSV-G), and viral supernatant was collected to infect target cells as described in the supplier's protocol. Forty-eight hours after infection, 1μg/ml puromycin was added for ~7-10 days to generate stable knockdown cell lines. PML knockdown efficiency was determined by RT-PCR and immunoblotting.
Immunoprecipitation and GST pull-down
Cells were collected and solubilized in IP buffer (1% NP-40, 150mM NaCl, 50mM Tris-HCl (pH 7.4), 0.25% sodium deoxycholate, 1mM EDTA and protease inhibitors) at 4°C. Lysed protein mixtures were incubated with specific antibodies and precipitated with protein A or G agarose (Upstate Biotechnology) at 4°C overnight.
The immunocomplex was collected, washed and probed with designated antibodies.
For GST pull-down, GST fusions (GST-GATA-1 and control GST) and MBP-tagged PML4 from bacterial lysates were purified, and binding assays in vitro were carried out using Glutathione sepharose (GE healthcare) according to the manufacturer's instructions. Precipitated proteins or total lysates were separated on 12% PAGE followed by immunoblotting.
Chromatin Immunoprecipitation (ChIP)
The ChIP assay was performed essentially as previously described 20 . The range and degree of the effect of PML4 on terminal erythroid differentiation genes resemble that of GATA-1 (Fig. S8) , and the GATA-1 pathway was shown affected in PML4 overexpressing K562 cells. To assess whether the role of PML4 in erythroid cells may dependent on GATA-1, mouse GATA-1 null ES (G1E) cells and GATA-1 stably rescued (G1E-ER4) cells were examined. PML4 was forcibly expressed in G1E and G1E-ER4 cells respectively, followed by β -estradiol induction, which restores GATA-1 activity and erythroid differentiation in G1E-ER4 cells.
Forced expression of PML and recovery of GATA-1 were confirmed by Western blotting (Fig. 1H) , and expression of AHSP and the adult globin genes was readily detected. In G1E cells, neither adult globin gene nor AHSP expression was obviously affected by PML4 overexpression, either before or after β -estradiol addition, while in G1E-ER4 cells, the adult globin genes and the AHSP gene were activated upon PML4 overexpression, and the enhancing effect became even more noticable after β -estradiol treatment, which induces increased GATA-1 activity (Fig. 1I ). Benzidine staining further showed that PML4 increases hemoglobin production in G1E-ER4 cells, especially after β -estradiol induced GATA-1 restoration (Fig.1J) . Altogether, these observations support the notion that PML4 activity is, directly or indirectly, dependent on GATA-1 activity during erythroid differentiation.
GATA-1 specifically interacts with PML4.
To elucidate how PML4 function in erythroid cells may involve GATA-1 participation, we first examined GATA-1 expression in PML4 overexpressed or knockdown K562 cells, but observed no obvious change ( Figure 1A, D) . We therefore 1 0 next investigated whether PML4 physically interacts with GATA-1. Co-transfection of 293T cells with Myc-tagged GATA-1 and HA-tagged PML4, followed by bidirectional co-immunoprecipitation assays with anti-tag antibodies showed that PML4 and GATA-1 reciprocally immunoprecipitate, indicating physical interaction between PML4 and GATA-1 ( Fig. 2A) . Other nuclear PML isoforms were also tested for their ability to interact with GATA-1. Among those PML isoforms, from 1 to 4, only PML4 was able to interact with GATA-1 under these experimental conditions,
suggesting that the interaction with GATA-1 is PML4 isoform-specific (Fig. 2B) . The interaction of PML4 with endogenous GATA-1 was confirmed in erythroid G1E-ER4 cells that stably expressed PML4 using GATA-1 and PML antibodies (Fig. 2C ).
Finally, co-immunoprecipitation assay in human umbilical HPC derived primary erythroid cells detected a unique ~95 KD PML band using PG-M3 mAb out of precipitates generated using the anti-GATA-1 antibody, considering that the other PML isoforms of similar size, namely PML1-3, can't interact with GATA-1 in vitro, this analysis indicated the interaction of endogenous PML4 and GATA-1 (Fig. 2D ).
To further address whether PML4 directly interacts with GATA-1, we performed glutathione S-transferase (GST) pull-down assays with GST-tagged GATA-1 and MBP-tagged PML4. As shown in Fig. 2E , PML4-MBP proteins bound to glutathione beads infused with the GATA1-GST fusion protein, but not with GST protein alone, indicating that PML4 interacted directly with GATA-1. Finally, immunofluorescence assays were employed to examine the cellular localizations of GATA-1 and PML. The fluorescence signals from endogenous GATA-1 and PML partially overlapping in human umbilical CD34+ derived erythroid cells at day 6 of EPO induction, but GATA-1 was recruited into the PML nuclear bodies after IFNα induction of PML expression in these cells. Interestingly, increasing GATA-1:FOG1 co-localization was also observed after IFNα treatment (Fig. 2F, Fig.S9 ).
1
The coiled-coil domain of PML and C-terminal zinc finger of GATA-1 are important for PML:GATA-1 interaction.
To map the domains that are critical for the physical interaction of PML4 and GATA-1, we constructed a series of truncated mutants of the two proteins ( Fig. 3A and C). GATA-1 contains a transcriptional activation domain in the N-terminus and two zinc-finger domains in the middle 21 . The N-terminal and C-terminal zinc fingers are required for binding to DNA and interaction with many known protein partners 22, 23 . Immunoprecipitation assay showed that PML4 does not interact with truncated mutants of GATA-1 that lack the C-terminal zinc finger (Fig. 3B) . Therefore, the C-terminal zinc finger of GATA-1 is crucial for PML4:GATA-1 physical interaction.
All PML isoforms share in common a RBCC motif in their N-terminal regions which is essential for PML nuclear body formation in vivo and mediates multiple protein-protein interactions 12 . Immunoprecipitation assays showed that the RBCC-motif-containing N-terminal region of PML (amino acids 1-400) is necessary for PML4-GATA-1 interaction. More refined truncations pinpointed the coiled-coil domain as the essential domain of PML4 for GATA-1 interaction (Fig. 3D) . Overall, these results revealed that the carboxy zinc finger of GATA-1 and the coiled-coil domain of PML4 mediate the direct interaction between GATA-1 and PML4.
To further investigate the isoform specificity of PML and GATA-1 interaction.
Two chimeric molecules, PML1+4L and PML1+4S were generated by fusing C-terminal 621-882 amino acids (aa) of PML1 to full-length PML4 or to the 1-620aa of PML4. Subsequent Co-IP analysis of the interaction between GATA-1 and the chimeric molecules showed that C-terminal of PML1 partially disrupts PML:GATA-1 interaction, while the 13aa C-terminal of PML4 is important for maintaining GATA-1 interaction (Fig.3E-F) , indicating that both domains contribute to the isoform-specificity of PML:GATA-1 interaction.
For
PML4 enhances the trans-activating activity of GATA-1.
PML interacts with and modulates the activities of many transcriptional factors, including p53, myc and NFAT 14, 24, 25 . Therefore, we next tested whether PML might also affect the trans-activation activity of GATA-1. Two luciferase reporters, containing either the promoter region of AHSP or that of proteoglycan 2 gene (PRG2) 26 , were constructed. Both AHSP and PRG2 represent typical GATA-1 target genes. The reporter constructs were co-transfected into 293T cells together with GATA-1 and increasing amounts of PML4-expressing plasmids. The results showed that PML4 enhances GATA-1-mediated reporter activity in a dose-dependent manner with both reporter genes used in the assay, while it exhibits no regulatory effect in the absence of co-transfected GATA-1 ( Fig. 4A and 4B ). Having shown that GATA-1 interacts specifically with the PML4 isoform, we then examined the possible influence of PML1, the longest PML isoform, on GATA-1-mediated transcriptional activation. In contrast to the positive influence of PML4, PML1 could not stimulate GATA-1 transcriptional activity (Fig. 4C ).
To further investigate whether the PML4:GATA-1 interaction is essential for PML4 influence on GATA-1 activity, reporter assays were performed using variously truncated PML4 in vitro-created isoforms. These results showed that deletion of the coiled-coil domain found to be essential for PML4:GATA-1 interaction reduced PML4 enhancement on GATA-1 activity to background levels (Fig. 4D) . These results support the notion that a direct physical interaction between these two proteins mediates their functional cooperation.
PML4 stimulates GATA-1-p300 cooperation and acetylation of GATA-1.
To further analyze how PML might influence GATA-1 activity and perhaps reveal the molecular mechanisms underlying PML-mediated promotion of erythroid differentiation, we next performed EMSA assays in order to detect any influence of PML on GATA-1 DNA binding ability in vitro. A biotin-labeled DNA probe bearing the core canonical GATA DNA sequence 27 was incubated with nuclear extracts
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Transfection with increasing amounts of PML4 also did not affect band shift intensity (Fig. S10) . To assess whether PML affects the chromatin occupancy of GATA-1 in erythroid cells in vivo, we monitored GATA-1 recruitment to HS2 and to the β -major gene within the β -globin locus after PML4 overexpression in G1E-ER4 cells, either before or after β -estradiol induction, and found that PML4 forced expression increased GATA-1 chromatin occupancy at both sites (Fig. 5A ). These results demonstrated that PML4 enhances the DNA binding ability of GATA-1 in vivo but not in vitro.
To further investigate this curious observation, we next examined whether PML4 might affect cooperation of GATA-1 with its known array of co-activating cofactors.
Using co-IP analysis, we discovered that PML4 promoted the interaction of GATA-1 with p300 (Fig. 5B ). Since GATA-1 is acetylated by p300 in vivo and in vitro 4, 5 , we compared acetyl-GATA-1 levels before and after PML4 overexpression. The results of this experiment demonstrated that PML4 indeed increases the acetylation of GATA-1 (Fig. 5C ). The observation that PML4 enhances GATA-1 acetylation and in vivo DNA binding is consistent with a previous report demonstrating that mutation of acetylation sites in GATA-1 selectively impairs the chromatin occupancy of GATA-1 at its binding sites in vivo while exerting no effect on in vitro DNA binding 28 , a phenomenon that has recently been attributed to the binding of Brd3 29 . Luciferase reporter assays further showed that the stimulatory effect of PML4 on GATA-1 trans-activation activity was strongly enhanced when p300 was co-transfected ( Fig.   5D ), indicating that PML4 facilitates the functional cooperation of GATA-1 with its cofactor p300. In addition, ChIP assays demonstrated that the in vivo occupancy of p300 at GATA-1 binding sites was reduced upon PML knockdown in K562 cells (Fig.   5E ). Taken together, these results demonstrate that PML4 facilitates cooperation between GATA-1 and p300 to promote the DNA binding and transcriptional activity During erythroid differentiation, the expression profiles of GATA-1 and GATA-2 exhibit a unique switching mode. Expression of GATA-2 is limited to early hematopoietic progenitors, whereas GATA-1 is typically present in more mature erythroid cells. PML was reported to be able to bind GATA-2 and regulate its activity, and it was suggested that this interaction could preferentially contribute to the pathogenesis of PML/RAR leukemic cells 30 . We found herein that PML4 directly interacts with GATA-1 through its coiled-coil domain. PML modulates the trans-activating activities of many transcriptional factors to which it binds. We demonstrated here that GATA-1 can also be recruited into PML bodies and that GATA-1 trans-activation activity is enhanced in the presence of PML4 in a dose-dependent manner. Flow cytometric analysis shows significant increase in the ratio of GPA-positive cells in K562 cells in which PML4 is forcibly expressed, an observation that is consistent with a previous report that PML inhibition results in repressed erythroid colony formation from hematopoietic progenitors. In addition, we
show that PML4 facilitates endogenous globin and AHSP gene expression in K562 cells, in primary erythrocytes and in GATA-1 rescued G1E-ER4 cells, but not in
GATA-1-deficient G1E cells. These observations support the notion of a pleiotropic
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Unlike GATA-1 null mutant mice, PML knockout mice have not been reported to have obvious anemia. Considering that a small number of GATA-1 knockdown mice expressing ~20% of WT GATA-1 levels survive to adulthood 31 , diminished GATA-1 activity in PML-/-mice may be tolerated or may be compensated by extrinsic erythroid-stimulating signals such as Epo. A functional discrepancy between human and mouse PML isoforms, which has been shown to result in differential regulation of MHC class I expression between the two species, might also account for the aphenotypic erythropoiesis in PML-/-mice 19 . The GATA-1.05 erythroid cell was found to be tumorigenic since the trace mount of GATA-1 expressed in these cells (5%) is sufficient to inhibit apoptosis but is insufficient to suppress erythroid progenitor proliferation and to promote terminal erythroid differentiation 32 . PML may therefore provide a potential target for treating a subset of GATA-1 related diseases by fine tuning GATA-1 activity. Besides affecting erythroid differentiation, the combinatorial effect of PML4 and GATA-1 may also contribute to other cellular processes, such as megakaryotic differentiation where GATA-1 activity is equally essential 32 .
Specific functions have been assigned to individual PML isoforms. PML1 specifically interacts with AML1 to promote transcriptional enhancement and stimulate myeloid differentiation 33 , PML3 play a direct role in centrosome duplication through the suppression of Aurora A kinase activation 34 and is involved in the cell proliferation/ differentiation decision by interacting with pRb. PML4 is involved in multiple physiological events, including senescence and granulocyte differentiation, through its regulatory interactions with p53 and c-myc, among others 14, 35 . Recent studies also indicate that PML4 affects E2F related cell senescence 36 and specifically regulates telomerase activity by directly and negatively regulating TERT activity 37 .
The present study revealed that PML4 specifically interacts with GATA-1.
Although all PML isoforms share a coiled-coil domain that is important for GATA-1
For personal use only. on October 28, 2017. by guest www.bloodjournal.org From interaction, and the PML-(1-400) that is entirely devoid of the C-terminal domain interacts with GATA-1, we show that GATA-1 interaction is restricted to PML4 among all the four isoforms analyzed and that the C-terminal domain of PML is actively involved in regulating their interaction to GATA-1. Functional analysis showed that PML4, but not the GATA-1 defective PML4(Δ400) or PML1, synergizes with GATA-1 in stimulating erythroid gene expression, supports the hypothesis that there exists functional specificity of PML4 in regulating erythropoiesis. How the different PML isoforms differ in functional specificity because of subtle differences in their C-terminal domains and the coordination between different isoforms remain intriguing issues to be investigated.
Differing from general co-factors like histone modifiers and chromatin remodeling enzymes, PML has no intrinsic enzymatic activity. It has been reported that PML enhances the activities of transcriptional factors p53, AML1 and NFAT by facilitating their co-localization and cooperation with CBP/p300 10, 25, 33 . Consistent with this hypothesis, we demonstrate here that PML recruits GATA-1 into PML nuclear bodies, promotes cooperative transcriptional activation between GATA-1 and p300 and increases GATA-1 acetylation, in vivo DNA binding and trans-activation activity. Unlike the in situ PML/SATB1 interaction at MAR elements in regulating MHC-I locus 38 , no binding of PML was detected in vivo at GATA-1 sites, suggesting that the effect of PML on GATA-1 activity happens before GATA-1 targeting to downstream genes.
In addition to acetylation, GATA-1 and its co-regulator FOG are both targets of sumoylation 39, 40 , implying additional layers of complexity in GATA-1 regulation by 
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The authors declare no competing financial interests. For personal use only. on October 28, 2017. by guest www.bloodjournal.org From performed to detect GATA-1 occupancy at HS2 and β -major promoter in G1E-ER4 cells expressing PML4 and vector control before and after 18hr β -estradiol induction for GATA-1 activity recovery. (*p<0.05, **p<0.01) (B, C) 293T cells were transfected with p300 and GATA-1 expression vectors in the presence or absence of PML4 expression vector. Cell lysates were prepared and immunoprecipitated by anti-p300 (B) or anti-GATA-1 (C), followed by immunoblotting with indicated antibodies. (D) PML4 enhanced cooperation of GATA-1 and p300. 293T cells were cotransfected with indicated reporter constructs and pRL-TK, in the presence or absence of expression vectors for GATA-1, PML4 and p300. Transfected cells were cultured for 24h and lysed for measurement of luciferase activities. Data are representative of three independent experiments, error bars represent Standard Error of Mean. (E) Occupancy of p300 at GATA-1 binding sites in PML-knockdown and control K562 cells. GATA-1 binding sites at distal regions or within intron sequences of GATA-1 target genes (as indicated) were detected. GAPDH promoter region was used as negative control. Right panel shows the efficiency of PML interference. Primer sequences are available upon request.
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